Two levels of fidelity are used for minimum weight design of a composite bladestiffened panel subject to crack propagation constraints. The low fidelity approach makes use of an equivalent strain constraint calculated by a closed form solution for the stress intensity factor. The high fidelity approach uses the stress intensity factor directly as the constraint and computes it from the stress distribution around the crack. A number of panels were optimized by both approaches for different values of applied load, crack length, and blade height, and response surface approximations for optimal weight as function of these configuration variables were constructed. Computational cost, noise and accuracy for the results are compared.
Introduction
An important issue in composite panel design for aircraft structures is crack propagation. However, modeling crack propagation in complex structures entails high computational cost, and may not be feasible for design optimization. Vitali et al. 1 used an equivalent strain constraint for designing a composite stiffened panel with a crack. They employed two levels of model fidelity in the optimization. A low fidelity model that did not include the crack was used with a finite element optimization program GENESIS 2 . A model of higher fidelity including the crack used the STAGS finite element program. 2 They optimized the stiffened panel for minimum weight in GENESIS by employing an equivalent strain constraint determined by the high fidelity STAGS analysis results at the crack tip location. The optimization had to be iterated several times, because replacing the crack propagation constraint with a strain constraint is only an approximation.
For the purpose of integrating the design of a single panel with the overall structure one can use response surface techniques fitted to the results of optimization of the panel for many configurations (e.g., Liu et al. 3, 4 ). When this is done, the response surface filters out numerical noise due to incompletely converged optimizations but adds modeling (fitting) errors (e.g., Papila and Haftka 5 ). The proposed paper investigates the errors associated with fitting a response surface to the results of many cracked panel optimizations. The paper focuses on the effects of the multi-fidelity model and of the iterative process with the equivalent strain constraint on the errors.
Problem Definition
Composite blade-stiffened panels loaded in tension, schematically shown in Figure 1 , are optimized by changing ply thicknesses, and results are used in constructing a response surface approximation for the panel weight as a function of configuration parameters. For the example here, the material for the panels is AS4/3501-6 (material properties are given Table 1 ). The loaded edges and the unloaded edges are simply supported and free, respectively. Table 2 . For the response surface construction a full three-factorial design for variables scaled 12, 13 to the range (-1, +1) is used giving 27 (3 3 ) configurations.
The 27 data were used to estimate the 10 coefficients of a quadratic polynomial in a, h, and N y . 
Stress Intensity Factor Calculation
Stress fracture criteria for plates with notched crack can be obtained by employing the stress intensity factor (SIF) generally denoted by K, which is a measure of tendency to crack propagation. The average K through the thickness of the plate is computed by two different approaches. The low-fidelity approach makes use of a closed form formula for an axially loaded plate of infinite width and given in Eq. 1.
where f σ is the far-field applied stress and a is half the crack length. Equation 1 is used as the low fidelity model in this paper. In the high-fidelity approach the stress intensity factor is calculated from the stress distribution around the crack. The normal stress component along the load direction y σ near the tip of a straight crack on an infinitely wide panel can be approximated by Eq. 2
where r is the distance from the crack tip. For isotropic materials, K Q is a material property determined by mechanical tests and can be used as a limit on K. In the case of laminated composites, however, K Q depends on both material and lay-up. In other words, K Q should be determined for each lay-up under consideration even if the same composite material is used. To avoid this need, Vaidya and Sun 6,7 proposed a method for predicting crack propagation in a composite laminate.
They defined the stress intensity factor in the zero-degree ply, 0 K as given in Eq.3.
where η is the ratio of the remote (far-field) stress in the 0 ο ply,
is not only a laminate property, but depends also the loading. It is defined as a stress ratio under uni-axial load. Vaidya and Sun 6, 7 showed that the fracture toughness of the 0 ο ply, 0 Q K is approximately a constant at the failure that may be viewed as a material property.
The crack is predicted to propagate when
Equivalent Strain Constraint for Crack Propagation
The equivalent strain constraint reduces the number of computationally expensive analyses that require modeling the details of the crack 1 . We first investigated use of the low fidelity FE model incorporating the approximate equation (Eq. 1) for the stress intensity factor instead of the high fidelity FE analysis.
An equivalent allowable strain constraint instead of the limit on K can be computed for a given in-plane load, { } N and laminate configuration through classical lamination theory by first calculating an allowable load
and then calculating from it an allowable strain vector
where [ ] A is the membrane stiffness matrix of the laminate.
The equivalent strain constraint is used to optimize the panel using the following steps.
1. Lower fidelity FE analysis by GENESIS for stresses at the location where the crack is assumed to be, 2. Calculation of K and K 0 based on current stress values 3. Calculation of allowable strain from Eqs. (4) and (5) 4. Use of the allowable strains in the minimum panel weight optimization problem for the original load level and LF analysis for optimum design 5. Go to step 2 for the new design and check if another optimization is needed.
The optimization procedure was applied for the 27 3-factorial design configurations. 12 out of the 27 configurations required more than one iteration for convergence. Table 3 presents results for one of the iterative optimizations. It is seen that the convergence is fast, with the stress intensity factor reaching its allowable value of 100,000. The accuracy and goodness of the approximation is also summarized in Table 4 .
From Table 4 it is seen that the quadratic terms involving h are poorly characterized by the data. The RMSE (root mean square error) estimate is about 4% of the average optimum weight for the panels. Some of that error is the result of the noise in the results. 
RS Approximation for Panel Weight

Direct Stress Intensity Factor Constraint
For the crack sizes of interest in this paper (Table 2) high fidelity analyses for cracked plate without the stiffener were performed to determine a reasonable range of r.
The stress intensity factor, K was estimated by fitting the stress values near the crack tip that resulted in R 2 value more than 0.99 when 125 . 0 0 ≤ ≤ a r . This range was used for all configurations in calculating K. A typical fitting result is given in Figure 4 . K is calculated by employing Eq. 3 with K obtained from the fitting procedure based on Eq. 2. A quadratic response surface approximation was fit to the optimal weight results. Table 5 summarizes the approximation and Figure 5 compares the approximation and actual data. Table 5 shows through the small RMSE predictor that the use of the high fidelity model and directly constraining the stress intensity factor eliminate almost all of the noise. In addition, with an R 2 almost equal to 1.0 it can be concluded that quadratic polynomial approximates the optimal weight very accurately and introduces no bias error for this problem.
Comparison of Low Fidelity and High Fidelity Results
For all of the configurations the optimal weight by high fidelity model is lower than by low fidelity model. On average ratio of the high fidelity to low fidelity optimal weights is 0.94. The optimum design found by low fidelity model and equivalent strain constraint for configuration 27 ( K is overestimated by 6-7% by the LF model. Figure 6 shows the ratios of the weights obtained by the two models for the 27
configurations. The ratio decreases with increasing load and crack size. Table 6 . It is seen that the repair reduced the RMSE by about 36%. An advantage by low fidelity model and equivalent strain constraint is the computational cost. The optimization cost per configuration by low fidelity model is about 6 times less than the cost of optimization using the high fidelity model. It would appear that the repair did not help R 2 , but it reduced RMSE substantially.
Concluding Remarks
Two levels of fidelity for the optimal weight of composite blade stiffened panels subject to crack propagation constraints were studied. The low fidelity approach using a simplified optimization procedure with equivalent strain constraints is computationally much cheaper than the high fidelity approach which physically models the crack, but the
